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Introduction:  High zT and anomalously low kL in Mg3Sb2

Phonon calculations

Breaking Pauling’s radius ratio rule

Resonant Ultrasound Spectroscopy (RUS) measures the vibrational Eigenmodes of
samples with well-defined geometries. Peaks occur at “Eigen-frequencies”, which
depend on the sample’s elastic constants, (C11, C44), shape, orientation, and density.

Our goal is to understand why
Mg3Sb2 has low lattice thermal
conductivity despite its low density,
and simple unit cell. Our
experimental and computational
study of AMg2Pn2 (A=Mg, Ca, Yb
and Pn=Sb, Bi) compounds reveals
soft shear modes and anomalously
high anharmonicity in Mg3Sb2 and
Mg3Bi2.

Background: Compounds in the
CaAl2Si2 structure have attracted a
great deal of interest due to their
chemical diversity and flexibility in
tuning transport properties.

An excellent thermoelectric figure
of merit zT of 1.6 in n-type Mg3Sb2

has been reported in various studies
[1,2].
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Example of Eigenmodes of a cylinder [3] Data analysis: Determination of elastic
constants relies on the comparison of the
experimental spectrum to computed values in
an iterative fitting process.
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An unlikely route to low kL: small atoms in a simple structure

Wanyue Peng a , Guido Petretto b , Geoffroy Hautier b , Alexandra Zevalkink a

a Department of Chemical Engineering & Materials Science, Michigan State University, East Lansing, MI

b Université catholique de Louvain, Louvain-la-Neuve, Belgium

SnSe

PbTe

SiGe

Elastic moduli and speed of sound as a function of temperature

Thermal expansion coefficient

zT of CaAl2Si2 – type compounds

zT = 
𝜎𝛼2𝑇

𝜅

Thermal expansion is the result of anharmonic
vibration, in which the oscillator’s average position
is a function of temperature. Mg3Sb2 and Mg3Bi2
have a significantly higher thermal expansion
coefficient compared to other AMg2Pn2

compounds, suggesting their high anharmonicity.

The elastic moduli and speed of
sound are determined by the
slope of the acoustic branches.
The study of high-temperature
elasticity thus offers a window
into the acoustic phonon modes.

The elastic moduli decrease faster
in Mg3Bi2 and Mg3Sb2 than other
thermoelectric materials (PbTe,
SnTe). Steeper slopes indicate a
faster rate of softening of the
acoustic branch with increasing
temperature (i.e., higher
Grüneisen parameter.)

Phonon modes with negative gi:

The longitudinal phonon branches
are largely the same in all three
compounds, but the transverse
phonon modes are much softer .

Phonon dispersions and PDOS. The value of the mode Grüneisen is shown
through the thickness of the curve. Calculations within quasi-harmonic approx.

The soft modes at the zone
boundary belong to soft shearing
motions, related to weak bonds
between Sb and the Mg(I) cation.

Mg(1) in Mg3Sb2 is octahedrally
coordinated by Sb. The ratio of the
cation:anion radii for most AM2X2

compounds obeys Pauling’s radius
ratio rule for CN = 6. However, Mg(1)
is too small for the octahedral
environment, likely causing the soft
shear strength of neighboring anionic
layers in the structure.

Mode Grüneisen vs. frequency

The high mode

Grüneisen values

are distributed in

the low frequency

range of Mg3Sb2

The unstable coordination of Mg(1) likely leads to
strongly anharmonic vibrations between the layers, and
eventually to the phase transition to the tetrahedrally
coordinated cubic structure.
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